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A b s t r a c t A two-dimensional convergent-divergent exhaust n o z z l e designed and f a b r i c a t e d by P r a t t and Whitney A i r c r a f t was i n s t a l l e d on a PW1128 t u r b o f a n engine and t e s t e d d u r i n g t h r u s t r e v e r s e r o p e r a t i n n i n an a l t i t u d e f a c i l i t y a t NASA Lewis Research Center. A unique c o l l e c t i o n system was used t o c a p t u r e t h e t h r u s t r e v e r s e r exhaust gas and t r a n s p o r t i t t o t h e p r i m a r y exhaust c o l l e c t o r . T e s t s were conducted a t t h r e e f l i g h t c o n d i t i o n s w i t h v a r y i n g amounts o f t h r u s t r e v e r s e a t each c o n d i t i o n . Some r e v e r s e r exhaust gas s p i l l a g e by t h e c o l l e c t i o n system was encountered b u t engine performance was u n a f f e c t e d a t a l l f l i g h t c o n d i t i o n s t e s t e d . have been devised and f a b r i c a t e d . Y Many o f t h e concepts i n c l u d e separate exhaust streams f o r vect o r i n g and r e v e r s i n g . exhaust may be handled i n an a l t i t u d e f a c i l i t y i n a manner s i m i l a r t o p r e v i o u s t e s t s w i t h axisymm e t r i c nozzles, t h e requirement t o c o l l e c t t h e r e v e r s e r exhaust p r e s e n t s a unique problem. The supersonic r e v e r s e r exhaust gases must be t u r n e d and r o u t e d t o t h e p r i m a r y exhaust gas c o l l e c t i o n system w i t h o u t c r e a t i n g adverse e f f e c t s on engine performance o r t h e t e s t c e l l environment. Recently, c o m p u t a t i o n a l f l u i d dynamics has been a p p l i e d t o t h e problem o f d e s i g n i n g exhaust gas c o l l e c t i o n systems f o r a l t i t u d e t e s t i n g o f v e c t o r i n g l r e v e r s i n g exhaust n o z z l e system^.^-^ r e v e r s e r exhaust gas c o l l e c t o r d u c t s w i t h o u t i n t e rn a l vanes would be inadequate t o p r o v i d e s a t i s f a ct o r y c o l l e c t o r system e j e c t o r performance because o f impingement on t h e o u t e r w a l l w i t h r e s u l t i n g f l o w r e v e r s a l and s p i l l a g e a t t h e r e v e r s e r p o r t / c o l l e c t o r d u c t i n t e r f a c e . t i o n system used f o r t h e t e s t s d e s c r i b e d i n t h i s paper i n c l u d e d t u r n i n g vanes i n t h e c o l l e c t o r ducts t o t u r n t h e f l o w and p r e v e n t r e v e r s e f l o w caused b y impingement. The exhaust gas c o l l e c -T h i s paper d e s c r i b e s t h e hardware and d i scusses t h e f u l l -s c a l e t e s t s o f a two-dimensional convergent-divergent (2D/CD) exhaust n o z z l e d u r i n g t h r u s t r e v e r s e r o p e r a t i o n i n an a l t i t u d e f a c i l i t y a t NASA Lewis. These t e s t s were conducted as p a r t o f a j o i n t N A S A / A i r F o r c e / P r a t t and Whitney program t o t e s t a 2D/CD n o z z l e i n an a l t i t u d e f a c i l i t y and r e p r e s e n t t h e f i r s t t i m e t h a t f u l l -s c a l e e n g i n e l t h r u s t r e v e r s e r o p e r a t i o n was attempted i n an a l t i t u d e f a c i l i t y . F o r t h e t e s t i n g , t h e nozzle, a PW1128 t u r b o f a n engine, and a unique system designed and f a b r i c a t e d s p e c i f i c a l l y f o r c o l l e c t i n g t h e r e v e r s e r exhaust gas were i n s t a l l e d i n t h e t e s t c e l l . a t t h r e e f l i g h t c o n d i t i o n s . A t each f l i g h t c o n d it i o n t h e amount o f t h r u s t reverse, d e f i n e d as perc e n t o f t h r u s t r e v e r s e r p o r t open area, was v a r i e d f r o m 0 t o 100 p e r c e n t a t s e v e r a l enqine power s e tt i n g s r a n g i n g f r o m i d l e t o maximum n o n a f t e r b u r n i n g power. R e s u l t s a r e presented t o document t h e oerformance o f t h e r e v e r s e r exhaust gas c o l l e c t i o n system and v e r i f y t h e f e a s i b i l i t y o f p e r f o r m i n g t h i s t y p e o f t e s t i n g i n a l t i t u d e f a c i l i t i e s . The t e s t program was conducted in one of t h e two a l t i t u d e chambers o f the Propulsion Systems Laboratory (PSL) a t NASA Lewis. Each t e s t chamber i s 7 . 3 m in diameter and 11.9 m long. Conditioned a i r a t t h e proper pressure and temperature t o simul a t e the desired f l i g h t condition i s supplied by ducting through the forward bulkhead t o t h e engine i n l e t while t h e desired a l t i t u d e pressure i s maintained i n t h e t e s t chamber.
A photograph of the t e s t i n s t a l l a t i o n i s shown i n Fig. 1 . The engine was mounted on a multi-axis thrust stand with a flexible seal between t h e i n l e t a i r ducting and the engine t o provide accurate thrust measurement while accounting f o r engine growth and movement. The e f f e c t i v e area of t h e seal used t o c o r r e c t the measured gross thrust was determined from pre-test thrust stand calibrations. A gap of approximately 1.9 cm was maintained between t h e nozzle reverser ports and the fixed reverser c o l l e c t o r ducts t o attempt t o avoid any e f f e c t s on t h e thrust measurement.
Engine
The engine used for the thrust reverser tests with t h e 2D/CD nozzle was a P r a t t and Whitney Airc r a f t PW1128 low-bypass, high-compression r a t i o twin-spool afterburning turbofan. This engine c o n s i s t s of a three-stage fan driven by a two-stage t u r b i n e , ten-stage compressor driven by a two-stage air-cooled turbine, an annular combustor and a mixed flow augmentor. T h e augmentor was not used during t h e t h r u s t reverser t e s t i n g . instrumentation was installed in t h e engine t o measure s t a t i c pressure, tot21 pressure and t o t a l temperature a t the engine i n l e t , fan discharge, compressor i n l e t and exit, and fan turbine i n l e t and e x i t t o monitor engine performance during t h e t e s t s .
Research

2D/CD Nozzle
The 2D/CD nozzle has a c i r c u l a r i n l e t section t h a t t r a n s i t i o n s t o a rectangular cross section nozzle with r i g i d sidewalls and moveable upper and lower horizontal flaps t h a t control t h r o a t area, e x i t area, and thrust direction. The f l a p posit i o n s f o r a x i a l , partial reverse, and f u l l reverse thrust operation a r e shown i n Fig. 2 . The upper and lower convergent flaps pivot about r i g i d s h a f t supports and determine the convergent exhaust area i n t h e axial thrust mode and t h e percent reverse thrust i n t h e reverse thrust mode. These f l a p s a r e synchronized with external connecting links. AS t h e convergent exhaust area i s reduced t h e reverser ports open t o maintain t o t a l discharge area approximately constant.
The divergent f l a p s a r e attached t o t h e convergent f l a p s and s e t area expansion r a t i o and thrust vectoring up t o a maximum of 20' from t h e horizontal. I n the axial thrust mode the upper and lower divergent f l a p s a r e positioned symmetrically; i n t h e vectored thrust mode one f l a p a c t s a s a d e f l e c t o r t o vector thrust.
The nozzle was actuated hydraulically and had a control system t o provide manual control o f t h e thrust reverser position a t engine power s e t t i n g s up t o intermediate. Thrust reverse with afterburning was not permitted. allowed manual s e t t i n g of vector angle and nozzle area expansion r a t i o . During normal forward thrust operation t h e nozzle control scheduled throat area as requested by t h e Digital Electronic Enqine Cont r o l ( D E E C ) . A more detailed description of t h e 2D/CD nozzle design and i t s operation during sealevel t e s t s i s contained in Ref. 4.
This control system a l s o Reverser Exhaust Collection System
The reverser exhaust qas collection system consjsted of two uncooled rectanqular cross section ducts constructed of 0.48 cm s t a i n l e s s s t e e l t o capture the reverser exhaust and transport i t t o t h e primary exhaust c o l l e c t o r , support hardware f o r t h e ducts, and a conical adapter section t o t h e primary exhaust collector. The i n s t a l l a t i o n of t h i s hardware i n t h e t e s t c e l l i s shown i n Fig. 3 . The support s t r u c t u r e held t h e reverser c o l l e c t o r ducts over the reverser ports so t h e r e was no cont a c t between t h e nozzle and ducts ( a qap of approximately 1.9 cm was maintained a t t h e nozzle/duct i n t e r f a c e ) . ing seal between the ducts and a cover p l a t e on t h e conical adapter ( Fig. 4 ) was i n s t a l l e d t o eliminate exhaust gas recirculation. conical adapter had t h r e e rectanqular openings t o accommodate the reverser exhaust (top and bottom) and t h e nozzle exhaust during forward and p a r t i a l reverse thrust operation.
A schematic drawing of a reverser c o l l e c t o r duct i s shown i n Fiq. 5. A limited amount of aerodynamic instrumentation was i n s t a l l e d on the t u r ninq vanes internal t o the duct. Details of t h e instrumentation mounting are shown i n Fiq. 6. I n addition t o t h e instrumentation of Figs. 5 and 6, a i r temperatures were measured near t h e area of t h e qap between t h e ducts and reverser port openings on each s i d e of t h e i n s t a l l a t i o n t o determine i f exhaust qas s p i l l a q e occurred durinq reverser operation. These thermocouples were mounted approximately 20 cm away from t h e nozzle i n the plane of the reverser p o r t l c o l l e c t o r duct interface. reverser c o l l e c t o r ducts was t o have them operate over a wide ranqe o f conditions without adversely affectinq engine operation a r t e s t c e l l environment. Also considered was ease of construction which accounts f o r the extensive use of c i r c u l a r arc and s t r a i g h t sections. Since a limited amount of space was available between t h e enqine centerl i n e and t h e t e s t c e l l f l o o r (1.8 m), i t was f e l t t h a t supersonic turning of t h e reverser exhaust could not be accomplished without compromisinq engine performance. Therefore, i t was decided t o reduce the Mach number of the exhaust qases below To substantiate the flow f i e l d estimate of Fig. 8, Fig. 9 indicates damage experienced by t h e strengthening rods internal t o the duct. staggered horizontal and v e r t i c a l c i r c u l a r cross section rods were supported by welds a t t h e ends. As t h e t e s t i n g progressed, f a i l u r e of t h e horizont a l rod welds caused by vibration occurred as indicated in Fig. 9 . Both the t o p and bottom ducts experienced similar f a i l u r e patterns indicating damage t o those horizontal rods submerged in t h e high flow along t h e outer duct walls while rod welds in the low flow region near t h e inner walls did not f a i l . minimized in f u t u r e collector duct designs by aerodynamically shaping the strengthening rods o r providing some type of support a t t h e center of t h e rods.
r o m t h e f r e e stream because o f t h e l o c a t i o n o f t h e s t a t i c pressures on t h e vanes, i t appears t h a t t h e r e v e r s e r f l o w (below 80 percent reverse) f o l l o w s t h e contour o f t h e w a l l w i t h a r e g i o n o f low f l o w as i n d i c a t e d . A t 80 p e r c e n t r e v e r s e and above t h e h i g h e s t Mach numbers e n t e r i n g t h e d u c t a r e a t t h e c e n t e r of t h e stream w i t h low v e l o c i t y ( h i g h pressure) f l o w near t h e f o r e and a f t p o r t i o n s of t h e d u c t entrance. I t i s t h i s low v e l o c i t y , h i g h pressure exhaust gas, p r o b a b l y caused b y j e t impingement on t h e i n t e r n a l s u r f a c e s o f t h e r e v e r s e r c o l l e c t o r ducts t h a t causes t h e increased s p i l l a g e a t l a r g e r e v e r s e r s e t t i n g s . A t t h e h i g h r e v e r s e r s e t t i n g s , t h e t u r n i n g vanes may n o t be doing an
The These f a i l u r e s could possibly be
Engine Performance
As mentioned e a r l i e r , one of the prime considerations in t h e design of t h e collection system was t o be able t o collect the t h r u s t reverser exhaust gas without affecting engine performance by creating an unusual backpressure condition. Figures 10 t o 1 2 present comparisons of engine speed match, fan turbine i n l e t temperature, and fan and compressor operating l i n e s without t h r u s t reverse and a t 100 percent reverse. indicate t h a t over t h e range of f l i g h t conditions t e s t e d , t h e engine performance was not affected by t h r u s t reverser operation or t h e reverser exhaust gas collection system.
The figures
Measured Gross Thrust
Thrust measurements during reverser operation were made using a multi-axis t h r u s t stand. The t h r u s t stand i n s t a l l a t i o n and c a l i b r a t i o n was simi l a r t o t h a t described in Ref. 5. Figure 13 shows measured gross thrust corrected t o engine i n l e t conditions as a function of nozzle pressure r a t i o f o r each f l i g h t condition tested. The effectiveness of the t h r u s t reverser t o reduce axial gross t h r u s t i s readily apparent from the figure. The largest reduction in gross thrust occurs in the steps between 0 and 80 percent reverse with only a small axial t h r u s t reduction between 80 and 100 percent reverse.
The performance of t h e t h r u s t reverser a t 100 percent reverse i s shown in Fig. 14. The f i gure indicates t h a t measured reverse t h r u s t s of 50 percent of intermediate forward t h r u s t were obtained over an engine power level range from 50 t o 100 percent. d a t a a t the higher power s e t t i n g s indicates t h a t reverse t h r u s t performance was unaffected by t h e reverser exhaust gas collection system.
The good correlation of the
Concluding Remarks
The t e s t s of the 2D/CD nozzle during t h r u s t reverser operation successfully demonstrated the f e a s i b i l i t y of f u l l -s c a l e a l t i t u d e t e s t i n g of advanced thrust vectoring/reversing exhaust nozzle systems and added s i g n i f i c a n t l y t o t h e t e s t experience of nonaxisymmetric nozzles. The hardware used t o c o l l e c t the reverser exhaust gas performed adequately over a wide range of engine operating cond i t i o n s even t h o u g h some reverser exhaust gas s p i l l a g e i n t o the t e s t c e l l was experienced. This hardware a l s o successfully s a t i s f i e d the c r i t e r i a t h a t engine performance remain unaffected during thrust reverser operation.
Based on t h e r e s u l t s of these t e s t s , t h e following recommendations a r e made f o r f u t u r e t e s t i n g of advanced vectoringlreversing exhaust nozzle systems in similar i n s t a l l a t i o n s :
1. Longer turning vanes should be used t o provide more e f f e c t i v e turning of t h e flow and c r e a t e a more equally distributed flow f i e l d in the reverser c o l l e c t o r ducts.
2. Computational f l u i d dynamics should be used more extensively in t h e design of the reverser duct internal s t r u c t u r e along with vibration analysis in an attempt t o minimize any damage t h a t may be caused by t h e flow through t h e duct. used a t t h e reverser portlcollection system i n t e rface t o minimize exhaust gas s p i l l a g e without compromising t h r u s t measurements.
4.
Additional instrumentation should be i n s t a l l e d in the reverser c o l l e c t o r ducts t o b e t t e r define the actual flow f i e l d in the ducts. ORiGlNAL PAGE FS 
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